Background. The effect of dietary macronutrient composition on the rate of gestational weight gain among women in sub-Saharan Africa is unclear.
Introduction
Gestational weight gain influences maternal, fetal, and neonatal health outcomes [1] . The Institute of Medicine recommended weight gain ranges according to prepregnancy weight status, with the primary goal of optimizing infant birthweight and related outcomes [2] . Gestational weight gain could be modified by altering the diet during pregnancy [3] . Limited data exist on the relationship between macronutrient intake and gestational weight gain among women in developing countries, who may be at risk for both inadequate and excessive gestational weight gain as these countries go through the nutrition and epidemiologic transition [4] . Adverse maternal and child health outcomes during the perinatal period are still high in sub-Saharan Africa [5] . However, no studies have considered the interaction of diet and prepregnancy weight status and their effect on gestational weight gain in this setting.
Several studies of diet during pregnancy have shown that higher total energy intake increases total gestational weight gain [6] [7] [8] , while isocaloric protein supplementation decreases the rate of gestational weight gain [3] . Many studies have examined the sociodemographic determinants of gestational weight gain in industrialized and developing countries outside sub-Saharan Africa [9] [10] [11] [12] . Among studies that have looked at gestational weight gain in sub-Saharan Africa, one study in Tanzania found lower levels of education, helminthic infections at first visit, high baseline mid-upper-arm circumference, not contributing to household income, lower serum retinol and selenium concentrations, advanced clinical stage of HIV disease, low baseline CD4 T-cell counts, and malaria infection to be related to decreased rates of gestational weight gain among HIV-positive women [13] . Another study in the Central African Republic showed that high prepregnancy weight decreased gestational weight gain and that high socioeconomic status increased gestational weight gain [14] .
In this report, we examined whether macronutrient and total energy intake during pregnancy influence the rate of gestational weight gain, and assessed the sociodemographic predictors of weight gain. We also examined whether the association between macronutrient intake and gestational weight gain was modified by prepregnancy body mass index (BMI). We used data obtained from HIV-negative women who were enrolled in a multivitamin supplementation trial and followed for the duration of pregnancy.
Materials and methods

Study design and population
We analyzed data from 8,428 HIV-negative women who participated in a randomized, double-blind, placebo-controlled trial in Dar es Salaam, Tanzania. The women were randomly assigned to treatment between August 2001 and July 2004. The objectives of the trial were to determine if taking daily multivitamins during the prenatal period would reduce the incidence of fetal loss, low birthweight (< 2,500 g), and preterm birth (< 37 weeks). The details of the study population for this trial have been described elsewhere [15] . Consonant with standard prenatal care in Tanzania, the women in both treatment groups also received daily supplements of 0.25 mg of folic acid, 60 mg of ferrous sulfate, and malaria prophylaxis in the form of sulfadoxine-pyrimethamine tablets.
The participants were screened and recruited from women who attended antenatal clinics in nine health centers in Dar es Salaam. The basic eligibility requirements were a negative test for HIV infection, gestational age between 12 and 27 weeks according to the date of the last menstrual period, maternal age 18 years or older, and an intention to deliver and stay in Dar es Salaam for at least 1 year after delivery. HIV type 1 serologic status was ascertained from all the women who consented to participate in the trial by means of two sequential enzyme-linked immunosorbent assay tests [16] . All women provided written informed consent to participation. The women were randomly assigned to receive either a daily oral dose of multivitamin tablets containing 20 mg of vitamin B 1 (thiamine), 20 mg of vitamin B 2 (riboflavin), 25 mg of vitamin B 6 , 100 mg of niacin, 50 µg of vitamin B 12 , 500 mg of vitamin C, 30 mg of vitamin E, and 0.8 mg of folic acid, or a placebo, from enrollment until delivery.
Each woman was followed up by medical providers once a month until the 32nd week of pregnancy, then once every 2 weeks until the 36th week, then once every week until 6 weeks after delivery, according to the standard prenatal care visiting schedule in Tanzania. The research protocol was implemented in conjunction with the regular prenatal care.
Trained research nurses administered a questionnaire to all the women at enrollment during the second trimester to collect baseline data on the woman's age, partner's age, maternal education, marital status, parity, socioeconomic status, and other behavioral and reproductive factors. In addition, the nurses obtained a complete medical and obstetric history at baseline and performed clinical examinations at baseline and monthly.
Height was measured at baseline with a stadiometer to the nearest 0.1 cm with the subjects without head covers and shoes. Weight, mid-upper-arm circumference, and triceps skinfolds were measured at every scheduled visit. Weight was measured to the nearest 100 g with balance scales with the women wearing light clothing without shoes. Dietary intake was assessed by monthly 24-hour recalls until 36 weeks of gestation. The 24-hour recalls of diet were administered by trained Tanzanian research assistants.
Blood counts were obtained at baseline. Wealth was estimated by constructing a linear index from asset ownership indicators (television, refrigerator, radio, sofa, and fan), using the method of Filmer and Pritchett based on principal-components analysis [17] .
The study protocol was approved by the institutional review boards at Muhimbili University of Health Sciences in Dar es Salaam and the Harvard School of Public Health in Boston.
Statistical analysis
The primary endpoint in this report, rate of weight gain during pregnancy in grams per month, was analyzed as a continuous variable represented by the difference between two consecutive weights. Only data from subjects with at least one 24-hour recall and at least two weight measurements after their first 24-hour recall were used in this study. We also limited the analyses to a time difference between two consecutive weight measurements in the range of 2 to 12 weeks and a monthly weight difference between -4,000 g and 7,700 g. The final number of women included in the analysis was 6,889 women.
With the use of the nutrient database for foods that are commonly eaten in Dar es Salaam [18] , nutrient intakes per day were calculated from the foods reported in the 24-hour recalls. Individuals with average daily energy intake greater than 4,500 kcal (n = 10), protein intake greater than 200 g, or fat intake greater than 300 g (n = 14) were excluded from these analyses. Total energy intake was analyzed in kilocalories. Macronutrient intake was analyzed as the percentage of kilocalories contributed by carbohydrate, fat, and protein.
To reduce within-person variation and best represent the average daily dietary intake, we used a cumulative average method of the repeated 24-hour dietary recalls available up to the time of each visit [19] . This method averages the most recent recall with all the previous recalls during pregnancy to predict the weight change of the women. The women had an average of three 24-hour recalls (SD = 1.1).
The rate of weight gain was calculated using generalized estimating equation (GEE) models with repeated measures. The weight difference between two consecutive visits (∆WEIGHT ij ), usually 28 days apart, was modeled as a continuous response variable with diet and other covariates as the explanatory variables across the repeated measures in each individual [20] (PROC GENMOD; SAS Institute), according to the following model:
where ∆WEIGHT ij is the weight difference between measurements during follow-up (j) for subject (i), EXP ij is the exposure measurement at follow-up (j) for subject (i), b i is the between-persons random error, e ij is the within-person random error, σ B 2 is the betweenpersons variance, and σ W 2 is the within-person variance. Robust estimators of the variance were used to construct confidence intervals.
Multivariate models using baseline nonmacronutrient variables were fitted to obtain adjusted differences in the rate of weight gain. We considered covariates that were associated significantly with the rate of weight gain at p < .20 in the univariate analyses, but kept in the final model only those variables that remained significant at p ≤ .05.
Because macronutrient intake is correlated with total energy intake, it may be associated with outcomes as a result of confounding by total energy intake. The effect of macronutrient intake was therefore examined adjusting for total energy intake using nutrient densities, which measure dietary composition by dividing the energy contributed by each macronutrient by total energy in the multivariate nutrient density models [21] . This method also controls for extraneous variation of macronutrient intake from physical activity, body size, and metabolic efficiency and simulates a dietary intervention, enabling easy interpretability of the results.
We examined whether the association between macronutrient intake and gestational weight gain was modified by prepregnancy BMI (estimated by BMI at entry to this study) and trimester of pregnancy by introducing the cross-product term of macronutrient intake and dichotomized BMI (< 25, ≥ 25 kg/m 2 ) or trimester (second vs. third) in the model.
Results
A total of 6,889 women were included in this study. The mean ± SD baseline BMI was 24.6 ± 3.9 kg/m 2 , and the mean gestational age at entry to the study was 21.3 weeks. The mean ± SD percentage of energy intake from carbohydrate, fat, and protein was 67% ± 13%, 24% ± 10%, and 10% ± 4%, respectively. The mean ± SD daily intake of carbohydrate, protein, fat, and energy was 344 ± 132 g, 53 ± 35 g, 59 ± 37 g, and 2,108 ± 804 kcal, respectively. The mean ± SE rate of gestational weight gain was 1,285 ± 24 g/month in the second trimester and 1,389 ± 14 g/month in the third trimester. The other demographic and baseline characteristics of the women are presented in table 1. The relationships between macronutrient intakes and gestational weight gain are presented in table 2.
In the multivariate analysis, there was a 6 g/month (95% CI, 1 to 12) greater weight gain for every 100-kcal increment in daily total energy intake. Models substituting 5% of energy from fat with protein showed that weight gain would decrease by 72 g/month (95% CI, 6 to 140; p = .03); substituting 5% of energy from carbohydrate with protein decreased gain by 70 g/month (95% CI, 15 to 124; p = .01). There was no significant effect on the rate of weight gain by substituting carbohydrates for fats and no modification by baseline BMI of the effect of substituting protein for carbohydrates or fat. The effect of energy intake for every 100-kcal increment in energy intake was 5 g/month greater in the third trimester than in the second trimester (95% CI, 2 to 8; p for interaction = .003).
The relationship between baseline variables and gestational weight gain is shown in table 3. In the multivariate analyses, obese women (BMI ≥ 30 kg/ m 2 ) gained 292 g/month less than women with BMI < 22 kg/m 2 (p for trend < .0001). Women taller than 159.5 cm gained 161 g/month more weight than women shorter than 151.5 cm (p for trend < .0001), and nulliparous women gained 137 g/month more weight than women with parity of 3 or higher (p for trend = .05). Women with more than 12 years of education had a weight gain 244 g/month greater than those with less than 5 years of education (p for trend = .0004). Single women gained 97 g/month (95% CI, 15, 179) more than women living with a partner, while being in the lower half of wealth score was associated with a 91 g/ month (95% CI, 40 to 142) lower weight gain than being in the upper half. Women gained 340 g/month (95% CI, 259 to 421) more in the postharvest season than in the "lean" season. Women with a baseline hemoglobin level less than 11 g/dL gained 83 g/month more (95% CI, 35 to 131) than women who had a baseline hemoglobin level greater than or equal to 11 g/dL.
Discussion
We examined whether prenatal macronutrient and energy intakes were associated with gestational weight gain in a population of HIV-negative women in Dar es Salaam, Tanzania, and described the baseline sociodemographic predictors of gestational weight gain. In our study, the rate of gestational weight gain in the third trimester was 1,389 g/month (364 g/week). This is lower than has been reported in developed countries like the United States, where women gained 520 g/week in the third trimester [9] . Other studies conducted in developing countries showed results similar to ours. Among Filipino women, the rate of weight gain was 360 g/week and 260 g/week in the second and third trimesters, respectively [12] . Previous studies in Tanzania documented a third-trimester rate of weight gain of 220 g/week in HIV-positive women [13] , 296 g/week in adolescents [22] , and 200 g/week between weeks 14 and 40 in a rural population of undetermined HIV status [23] .
Our study suggests that increased energy intake might be important in increasing the rate of weight gain late in the prenatal period. In addition, we found that higher intake of protein in place of either carbohydrate or fat in the third trimester may lead to a lower rate of weight gain. Supplementation trials and observational studies have shown a positive correlation between total energy intake and gestational weight gain in many countries, including Thailand, the United States, the Philippines, and Germany [6, 8, 12, 24] . However, some studies, such as a trial in Indonesia [25] , showed no relationship between total energy intake and weight gain during pregnancy. Similar to the results of our study, a review of 13 trials from many countries reported lower gestational weight gain with isocaloric protein supplementation [3] . However, a longitudinal study in the United States showed a positive correlation of isocaloric maternal protein intake with gestational weight gain [24] . Various factors could explain why the results from these studies might be different. Study design and population, dietary assessment and/or dietary composition and quality, statistical methods, type and timing of the supplementation, and prepregnancy nutritional status of the study population are all among the reasons that comparisons between different studies are challenging. For example, studies involving mostly undernourished women showed an increase in weight gain with energy and protein supplementation [26, 27] , while a systematic review found that normal-weight or overweight women did not show an increase in weight gain [28] . In our study, only 2% of the women were undernourished at baseline, and there was no modification of the effects of energy and macronutrients by baseline BMI. The quality, quantity, and source of dietary protein are other possible reasons why the results are different. Dairy protein has been shown to improve gestational weight gain and consequently birthweight [29, 30] , an effect likely attributable to insulin-like growth factor (IGF) and micronutrients, as well as the amino acid composition of dairy products [31] [32] [33] .
Consistently with many other previous studies, we showed that women with low preconception BMI gained weight at a faster rate than overweight and obese women [23] , shorter women gained weight at a slower rate than taller women [9] , and multiparous women gained less weight than nulliparous women, after age was controlled for [8] . More educated women gain more weight, a result similar to that of a US study [11] . These findings suggest that short and/or nulliparous women with low levels of education are at high risk for low weight gain in our population and may need to be carefully monitored.
In our study, women with anemia measured in the second trimester gained more weight than women with a hemoglobin level greater or equal to 11 g/dL. This finding is difficult to interpret, because the assessment of anemia in the second and third trimester is confounded by hemodilution in pregnancy [34] ; it may be difficult to distinguish truly anemic women from those whose anemia is a result of hemodilution. We found that women gained more weight in the postharvest season than in the lean season and that there was significantly more energy intake in the postharvest season than in the lean season, as shown previously by other studies in Tanzania and Gambia [35, 36] .
Strengths and limitations of the study
Among the strengths of our study are its large sample size and sufficient statistical power to detect small differences between the different exposure categories.
The data also allowed control for many possible confounders of the association of dietary energy and macronutrient composition with gestational weight gain, prepregnancy BMI, and socioeconomic status. The availability of cumulative averages across repeated 24-hour recalls helped to reduce within-person variation in order to best represent the average daily energy intake and macronutrient composition during pregnancy. Information on changes in the monthly rate of weight gain related to energy increments and small adjustments in dietary macronutrient composition can allow the epidemiologist to model the potential effectiveness of alternative scenarios for supplementation programs to optimize weight trajectories of women during pregnancy.
The findings of this study nevertheless should be interpreted in light of several limitations. Among these, we did not have measurements of preconception weight. However, weight measurements from the early second trimester are considered an adequate proxy, since only about 12% of the total weight gain occurs in the first trimester [37] . Another limitation is that we did not examine physical activity and basal metabolism, potential confounding variables, since energy metabolism during pregnancy varies significantly depending on preconception nutritional status, dietary intake during pregnancy, physical activity, and basal metabolism, among many factors [38] . Increased physical activity in women has been shown to lower gestational weight gain in some studies [39] . Although 24-hour recalls have been used and validated in other parts of sub-Saharan Africa [40, 41] , the use of 24-hour recalls has not been formally validated in our study population. Although 24-hour recalls are limited by the fact that a single day of intake is unlikely to be representative of the usual intake, the collection of multiple 24-hour recalls and use of cumulative averages would more closely approximate the usual daily intake [42] . The women in our cohort had an average of three recalls each, and other studies that have used 24-hour recalls in Tanzania reported similar macronutrient distributions to those in our study population [35, 43] .
The results of our study should be carefully interpreted, as reported differences in rate of weight gain related to changes in energy and macronutrient intake are small and may not be measurable in clinical or public health practice.
Conclusions
The results of our study provide novel data for sub-Saharan Africa. To the best of our knowledge, this is the first prospective study from sub-Saharan Africa that examines weight trajectories in the prenatal period in HIV-negative women. In summary, we showed that greater total energy intake was associated with an increase in the rate of third-trimester weight gain after adjustment for other covariates, while substituting energy from protein for energy from carbohydrate or fat was associated with a decrease in the rate of weight gain during pregnancy. These relationships were not modified by baseline BMI. Some sociodemographic characteristics that are associated with the rate of weight gain can be used to identify women in developing countries at risk for inadequate or excessive gain as a way of preventing poor maternal and perinatal outcomes. Further research is needed on the effects of individual macronutrients on gestational weight gain, to inform the design of supplementation programs for women in developing countries undergoing the nutrition transition and other high-risk populations.
